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INTRODUCTION long before the multiplicity of staphylococcal

In 1872, Klebs (113) postulated a relationship

between pathogenicity and toxin production in

" bacteria. Sixteen years later, de Christmas (39)
demonstrated toxicity of heated broth cultures
of staphylococci recovered from lesions in man.
The hemolytic activity of such cultures for rab-
bit erythrocytes was observed in 1894 by Van
de Velde (193) and in 1900 by Kraus and
Clairmont (117).

Since that time, bacteriologists have sought
to ascribe roles to the many toxins produced by
Staphylococcus aureus, particularly in relation
to pathogenesis and the threat to life. One
event more than any focused attention on
hemolysin production by these organisms. In
1928, 21 children were inoculated with a diph-
theria toxin-antitoxin preparation at Bunda-
berg, Australia (50). Within 48 h, 12 of the
children were dead. A strain of S. aureus was
isolated from the preparation which apparently
stood for some time without refrigeration. The
fluid was hemolytic and lethal for rabbits and,
in the light of the terminal symptoms shown by
the children, it was suggested that a hemolytic
toxin was responsible.

This tragedy created increased awareness of
the toxic and invasive properties of staphylo-
cocci (18, 19), but the nature and mode of action
of many of the extracellular products of these
organisms is only now becoming better under-
stood.

It is said that S. aureus may produce three
hemolysins, designated alpha, beta, and delta
in the order of their discovery (50, 51). A fourth,
gamma hemolysin, was described in 1938 by
Smith and Price (178), but their findings were
disputed for some years. The lethal and hemo-
lytic effects of cultures on rabbits, established

hemolysins was appreciated, were associated
with alpha hemolysin. Discovery of the beta
hemolysin in 1935 by Glenny and Stevens (71)
originated from an investigation of two prepa-
rations of alpha hemolysin. They noted that
one was neutralized by one-tenth as much anti-
toxin as the other. Incubation of dilutions of
this hemolysin in the presence of sensitive
erythrocytes at 37 C, followed by refrigeration
at 4 C, caused intensification of hemolysis.
Thus the term “hot-cold” has been applied to
beta hemolysin. In 1947, Williams and Harper
(207) detected delta hemolysin in strains of S.
aureus grown on sheep blood agar to which
alpha and beta antihemolysins were added.

Morgan and Graydon (148) claimed that al-
pha hemolysin consisted of two distinct lytic
substances, “alpha-1” and “alpha-2.” They
observed that different end points were ob-
tained if two alpha hemolysins which contained
no beta hemolysin were neutralized with an
antiserum. All culture filtrates contained al-
pha-1 and about two-thirds had small amounts
of alpha-2. It was possible to prepare antisera
to both hemolysins.

The gamma hemolysin of Smith and Price
was more sensitive to heat than alpha and beta
hemolysins, being completely destroyed when
held for 30 min at 55 C. Their gamma prepara-
tion contained no alpha and only traces of beta
hemolysin. Sensitivity of erythrocytes to the
hemolysin increased in the order: horse, rat, ox,
guinea pig, sheep, man, and rabbit. Slight
necrosis was observed when gamma hemolysin
was injected into the skin of guinea pigs and
rabbits, and it killed the latter but not guinea
pigs or mice. Antisera selected to show a high
gamma/alpha ratio also had high alpha-2/al-
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pha-1 ratios, which suggested to them that
gamma hemolysin might be identical with the
alpha-2 hemolysin of Morgan and Graydon
(148).

Elek and Levy (51) found that the character-
istic patterns caused by the hemolysins on
blood agar were consistent with the existence
of only three hemolysins, alpha, beta, and
delta. Thus, seven combinations were possible,
all of which they observed. On the basis of
these patterns of hemolysis, Elek and Levy de-
cided that alpha-2, gamma, and delta hemol-
ysins were identical, but it now seems clear
that their method would not detect gamma
hemolysin because it is inhibited by agar (see
gamma hemolysin, this review).

In 1951, Marks (137) agreed that alpha-2
and delta hemolysins were identical but ar-
gued for the separate existence of gamma
hemolysin. He showed that delta hemolysin re-
acted in the same manner with antisera as
alpha-2 hemolysin. Morgan and Graydon (148)
had found that most of their culture filtrates
contained a small amount of alpha-2 hemolysin
which obscured the end point of hemolytic
titrations by producing a “tail” of minimal
lysis. Alpha-2 hemolysin also acted upon rabbit
and sheep erythrocytes. All of these findings
were in accordance with those for delta hemol-
ysin. Though Marks was not convinced of the
identity of gamma hemolysin with alpha-2
and delta hemolysins, it is noteworthy that
the hemolytic spectra of the three were similar.
More recently, Jackson (90) suggested that a
factor found in his delta hemolysin prepara-
tions was identical with gamma hemolysin on
the basis of its thermolability and behavior
in the presence of mild reducing and oxidizing
agents.

PRODUCTION AND PROPERTIES OF
THE HEMOLYSINS

Alpha Hemolysin

Production. Probably the best complex
media devised are those of Walbum (200-202)
and Dolman and Wilson (44). The former con-
tains meat extract, peptone, and MgSO, buff-
ered at pH 6.8, while Dolman-Wilson medium
consists of proteose peptone and a solution
of calcium and magnesium salts buffered at
pH 7.4. The original formulation of Dolman-
Wilson medium required the addition of 0.3%
agar. Parker et al. (162) obtained good yields
by incubating cultures in 10% CO, in air, and
Burnet (19) achieved high yields by combining
incubation in CO, and air with the addition
of 0.3% agar to the medium. Variations of
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Burnet’s method have been used by otherg
(120, 125, 167). The effect of CO, is not entirg]
explained by its buffering action since contro|
of pH by alternative means has not beep Suc.
cessful. Ganczarski (65) labeled alpha hemg).
ysin with “CO,, and found that CO, fixation
might play a role in the formation of 3 key
amino acid essential for hemolysin production

Goode and Baldwin (72) have claimed hig},
yields (2,500 hemolytic units/ml) of the hemg].
ysin in thoroughly aerated Trypticase soy broty,
supplemented with yeast extract. They founq
in contrast with many other workers that CQ,
did not enhance titers. Gladstone (66) hag
shown that oxygen is essential. Enhanced pro.
duction of hemolysin in the presence of 0.3¢
agar has been explained on the assumption that
it absorbs an unidentified inhibitor (3). Accepta.
ble yields are obtained without agar (9, 32).

Arbuthnott (3) has reviewed the rules which,
if adhered to, will ensure satisfactory yields.
Alpha hemolysin has also been produced in
continuous culture (89).

Limited information is available about nutri-
tional factors which influence production of al-
pha hemolysin. Several defined media have
been investigated, and Gladstone (66) found
that amino acids essential in hemolysin pro-
duction were arginine, glycine, and proline, al-
though some strain variation was observed.
Dalen (36-38) confirmed the requirement for
arginine and glycine but also noted that serine
and histidine increased yields. He observed
that histidine caused rapid early production of
hemolysin and further suggested that the stim-
ulating effect of CO,, serine, and glycine was
related to their role as precursors of histidine
in S. aureus. However, stimulation of hemol-
ysin production was not directly correlated
with free intracellular histidine.

Duncan and Cho (48) have shown that pro-
duction of alpha hemolysin is maximal at a
glucose concentration of 0.2%. Impairment of
nucleic acid and protein biosynthesis resulted
in poor yields; the addition of purine and py-
rimidine antagonists reduced growth and viru-
lence while tryptophan analogues abolished
hemolysin production (124, 180, 190). Reversal
of inhibition was achieved with L-tryptophan,
indole, or anthranilic acid.

Alpha hemolysin is formed during the loga-
rithmic phase of growth. Duncan and Cho (47)
have found that it is released by intact cells as
indicated by low levels of deoxyribonucleic acid
in the medium at a time of maximal produc-
tion. The usual finding (3) is that hemolysin
production begins in early logarithmic growth
and proceeds at a constant rate until the late
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or early stationary phase is reached, al-
though production in these phases has also
n Observed.

Probably less than 1% of hemolysin is cell
,ssociated (47, 142) and this form reaches its
maximal level at the onset of the stationary

hase. Addition of histidine to cultures induced
hemolysin formation intracellularly within 10
min and extracellularly within 15 min (36-38).
Coulter and Mukherjee (33) located the hemol-
ysin on the membrane of disrupted staphylo-
cocci by means of ferritin-labeled antibody.

Purification. Numerous methods of purifica-
tion are available for alpha hemolysin and
have been reviewed by Arbuthnott (3) and
Jeljaszewicz (97). In Arbuthnott’s view, one
should start with high-titer hemolysin, prefer-
ably produced in a defined medium, and con-
centrate it early in the procedure. This can be
conveniently accomplished with methanol or
ammonium sulfate. Advantage can be taken
of the hemolysin’s isoelectric point of 8.6 with
the use of preparative electrophoresis and ion-
exchange chromatography on diethylamino-
ethyl-, O-(carboxymethyl)cellulose, or diethyl-
aminoethyl Sephadex. The essential features
of recent methods of purification are given in
Table 1.

Physicochemical characteristics. Purified al-
pha hemolysin is a protein (3) and claims that
it contains carbohydrate (74) have not been
substantiated (203). Several amino acid anal-
yses have been performed and are shown in
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Table 2. The preparation of Fackrell and
Wiseman contains a higher concentration of
proline, glycine, and alanine than those of
other investigators.

Molecular weights of the hemolysin vary
from 10* to 4.5 X 10* depending upon the
method used and other less evident factors
(Table 4).

Coulter (32) detected histidine and arginine
as the N-terminal amino acids of alpha hemol-
ysin. He suggested that it consisted of two
polypeptide chains, but could not separate
them by mercaptoethanol and sulfite reduc-
tion. The N terminus of alpha hemolysin sepa-
rated in this way was arginine. Six and Harsh-
man (175) found that the N terminus of hemol-
ysins A and B was alanine, whereas other in-
vestigators (215, 217) have identified histidine
in this position. Noll (156) has, however, in-
dicated that histidine is an uncommon N termi-
nus. Dalen (37) showed that histidine induces
hemolysin production in S. aureus Wood 46.
The variation in N termini is not surprising
since the hemolysin may be nicked in different
places by proteolytic enzymes present in crude
preparations. This may explain variations in
molecular weight noted in different laborator-
ies and in the two forms observed by Six and
Harshman (175, 176).

The sedimentation coefficient of alpha hemol-
ysin is in the range 2.8S to 3.1S (9, 31, 32, 72,
125, 175, 176). Another small fast-moving peak
of 128 to 16S was recorded by Bernheimer and

TaBLE 1. Purification of staphylococcal alpha hemolysin

Reference Strain Procedures? Sp act®
Madoff and Weinstein (127) Wood 46 A/ B,CD 4.2 x 10*
Kumar et al. (121) Wood 46 C,C ?
Kernheimer and Schwartz (9) Wood 46 A C,C, E 1.9 x 10*
Goshi et al. (74) ? A,A,D,D 8 x 10%
Lominski et al. (125) Wood 46 A,B,D,AD 1.2 x 10°
Jackson (91) Wood 46 ALAD ?
209-60
Robinson and Thatcher (167) ? A,A D C ?
Cooper et al. (31) Wood 46 A,B,C,D,D 1.2 x 10°
Coulter (32) Wood 46 A B, C 10
Arbuthnott et al. (4) Wood 46 A CC,EF 2 x 10°
Wadstrom (1970a), cited by Wood 46 B,D,C,A B 2.2 X 10*
Jeljaszewicz (97)
Fackrell (53), cited by - Wood 46 A,A B, AD 1.3 x 10°
Wiseman et al. (217)
Goode and Baldwin (72) Wood 46 ACC,G 1.8 x 10*
Watanabe and Kato (203) Wood 46 A B CCDC 5.1 x 10°

“ A, Precipitation; B, gel filtration (molecular sieving); C, electrophoresis or electrofocusing; D, ion-
exchange chromatography; E, gradient fractionation; F, treatment with heat and urea; G, membrane

ultrafiltration.

® Hemolytic units per milligram of protein or nitrogen. A hemolytic unit is the highest hemolysin dilution

that causes 50% lysis of erythrocytes (216).
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TABLE 2. Amino acid analyses of staphylococcal alpha hemolysin

—_—
Six and Harshmap,

. - 5
Amino acid B eimer and Coulter (32)* B e o _L
A B
Methionine 10 4 2 6 6
Aspartic acid 44 50 20 40 43
Threonine 23 23 10 22 23
Serine 22 20 10 19 19
Glutamic acid 21 22 16 19 20
Proline 7 10 14 8 9
Glycine 23 24 28 20 24
Alanine 12 14 12 11 11
Valine 12 16 8 13 14
Isoleucine 13 16 6 13 14
Leucine 15 14 8 13 14
Tyrosine 9 10 6 9 10
Phenylalanine 10 10 4 8 8
Lysine 23 26 12 21 23
Histidine 4 4 4 4 4
Arginine 10 8 6 8 8
Ammonia 71 Very high Very high ? ?

¢ Residues were calculated for a molecular weight of 44,000 as determined by the method of Archibald.

® Histidine residues set at 4.
“ Based on hemolysin of sy, = 1.4.

Schwartz (9) and by Lominski et al. (125).
Goode and Baldwin (72) reported a fast-moving
component of 10.5S. The 12S peak seems to be
composed of inactive polymerized hemolysin
and is separated from the 3S fraction by density
gradient “centrifugation (4). Arbuthnott’s (4)
observation that 12S hemolysin was disag-
gregated by urea to yield active 3S hemolysin
supported the contention that it was an inac-
tive form. The 12S component was also partially
identical with 3S material in agar gel diffusion
tests. Fackrell and Wiseman (56) obtained 1.4S
hemolysin when freshly prepared, but several
days’ standing brought the value to 2.8S within
the range of most observations. Forlani et al.
(57) observed a minor 2S component in their
2.8S hemolysin. Goode and Baldwin (72) ob-
served a major peak of 3S in the ultracentri-
fuge, a minor peak of 10.5S, and a small trail-
ing peak. Dialysis of their preparation against
1 M propionic acid resulted in the appearance
of one peak (presumably 3S). Hemolysins A
and B (175, 176) apparently both give rise to the
12S fraction. Bernheimer (8) has observed
that as much as 30% of pure 3S hemolysin may
be in the polymerized 12S form, and that the
latter has a molecular weight of about 2.4 x 103
to 3.3 x 105,

Electron microscopy studies by Freer et al.
(61) showed that negatively stained 12S hemol-
ysin consisted of small rings 9 to 10 nm in di-
ameter (outer diameter) which formed part of a
hexagonal array of six subunits, each 2.0 to 2.5

nm in diameter, in contrast with amorphous 3S
hemolysin. It has also been shown (4) that
hemolysin heated to 60 C results in a precipi-
tate which can be disaggregated by urea to
yield an active preparation. It would seem
that the “Arrhenius effect” (in which hemolysin
inactivated at 60 C is reactivated by brief heat-
ing at 100 C) can be explained on the assump-
tion that 12S hemolysin is formed from 3S
preparations. Thus, further heating at 100 C or
treatment with urea disaggregates the insolu-
ble 12S component, reforming the active 3S
fraction.

Bernheimer and Schwartz (9) subjected puri-
fied alpha hemolysin to sucrose density gradi-
ent centrifugation, finding that three or four
electrophoretically distinct but biologically
similar peaks were present. Wadstrom (195)
found that hemolysin could be separated into
components of different isoelectric points (pl).
The main component of pl 8.5 comprised about
80% of the hemolytic activity of the strains
which produced it. The several fractions were
apparently interconvertible. Since all four of
Wadstrom’s fractions were hemolytically active,
they are likely varieties of 3S hemolysin, al-
though Bernheimer (8) has stated that 128
hemolysin is sometimes hemolytic. McNiven et
al. (143) have also found that a main compo-
nent of hemolysin of pI 8.55 + 0.12 accounted
for 90% of their recovered hemolytic activity,
but three additional minor peaks of activity
were also noted (Table 3). There are some simi-
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sities between their data as shown in the ta-
¢. Alpha A and alpha I are the main com-
pents with the same pl, and are reputed to
ow interconversion to alpha B and alpha IV,
gpectively. Other investigators (56, 72, 73)
we also noted pl values in the region of 8.5.
[ and Haque (2) have described an alpha and
ha-1 hemolysin on the basis of results ob-
ined with Haque's electrophoretic localiza-
in technique. One (alpha) lysed erythrocytes
rabbits, sheep, and horses whereas the other
Ipha-1) lysed only those of the rabbit. Both
sre indistinguishable by electrophoresis and
oved toward the cathode. It is not clear how
ese hemolysins might be related to the com-
nent systems of McNiven and Wadstrom.
A summary of some properties of alpha
molysin is given in Table 4.
Mode of action. A number of workers (24,

TaBLE 3. Components of the alpha hemolysin of
Staphylococcus aureus separated by
isoelectric focusing

McNiven et al. (143) Wadstrom (195)

Component pl Component pl
Alpha A“ 8.55 + 0.12 Alpha I’ 8.5
Alpha B 9.15 = 0.07 AlphalV 9.2
Alpha C 7.36 = 0.03 Alpha II 7.0
Alpha D 6.28 = 0.11 Alpha Il 5.0

* Alpha A & Alpha B.
" Alpha I & Alpha IV.
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102, 111, 140, 216) have shown that alpha he-
molysin is bound to erythrocyte membranes.
Bernheimer et al. (112) studied the action of he-
molysin on erythrocyte membranes by scanning
and transmission electron microscopy and
found that segments of membrane separated
from the cell surface. Most investigators con-
sider the cell membrane to be the primary site
of action of the hemolysin. However, numerous
studies have been performed in which alpha
hemolysin was shown to inhibit ion transport
in the toad bladder (164), decrease adenosine
5'-triphosphate levels in tissue cultures (64),
and increase oxidation of succinate by Krebs II
ascites cells (183). In addition to these find-
ings, Madoff et al. (128) noted that free amino
acids were rapidly released from hemolysin-
treated Ehrlich ascites cells. Partially purified
hemolysin also stimulated adenosine triphos-
phatase activity in rat liver mitochondria (No-
vak et al. [158]). In later studies, Novak et al.
(159, 160) showed that crude heat-stable alpha
hemolysin abolished phosphorylation of adeno-
sine 5'-diphosphate in mitochondria. Partially
purified hemolysin also uncoupled oxidative
phosphorylation without affecting electron
transport. Kadlec and Seferna (100) speculated
that the hemolysin may release a loosely bound
fraction of membranes in sensitive cells, simi-
lar to the action of ouabain. In contrast, Cas-
sidy et al. (25) demonstrated that highly puri-
fied alpha hemolysin B had no effect on Ca*"-
or (Na*-K-)-dependent membrane adenosine

HEMOLYSINS OF S. AUREUS

TABLE 4. Some characteristics of staphylococcal alpha hemolysin

Reference Strain S20.w Mol wt pl N termini
Kumar et al. (121) Wood 46 1.45 1-1.5 x 10* —a —
Bernheimer and Schwartz Wood 46 3.0°, 4.4 x 10* — —
9) 12.0°¢
Lominski et al. {125) Wood 46 3.1 — — —
Cooper et al. (31D Wood 46 2.8 — — —
Coulter (32) Wood 46 2.8 2.1 x 10* Histidine,
arginine
Arbuthnott et al. (4) Wood 46 3.0 — — —
Wadstrom (195) Wood 46, — —_ 8.5° (alpha I) —
V8, M18
Wiseman and Caird (213) Wood 46 — — — Histidine
Forlani et al. (57) ? 2.8 3.3 x 10* — —
McNiven et al. (143) Wood 46 — 3.6 x 10* 8.557 (alpha A) -
Six and Harshman (175. Waod 46 3.0 (A), 2.8 x 10* (A) 7.2 (A), Alanine (A),
1761 3.0 (B) 2.6 x 10* (B) 8.4 (B) Alanine (B)
Fackrell and Wiseman (56) Wood 46 1.44 4.5 x 10* 8.5 Histidine
Goode and Baldwin (72) Wood 46 3.0° - 8.65° 5.8 —
10.5
Goode and Baldwin (73) 57, 2079, 3.0 — 8.65 = 0.15 —
3558, 10.5
3565
Watanabe and Kato (203) Wood 46 3.6 x 10* 7.98 = 0.05 —

“ Not reported.

" Major component.

“ Inactive aggregate.

“ Unstable: after standing several days, szo.. was 2.8.
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triphosphatase, proton translocation in mito-
chondria, or the integrity of membranes of
Mycoplasma. As indicated by Cassidy, these
observations require careful interpretation since
hemolysin of undefined purity was often em-
ployed. Rahal (163) also failed to show interac-
tion of hemolysin with mitochondrial mem-
branes. A

The action of alpha hemolysin on artificial
membranes has also been studied by several
investigators. Weissman et al. (204) showed
that hemolysin released ions from artificial
lipid spherules and found that the reaction was
inhibited by alpha antihemolysin. They sug-
gested that the hemolysin through hydrophobic
moieties located within its molecule interacted
with phospholipids in sensitive membranes.
This view was also put forward by Arbuthnott
(3). Freer et al. (61) showed that the hemol-
ysin disrupted spherules with the formation of
ring structures which resembled 12S hemolysin
under the electron microscope. Apparently, in-
teraction between hemolysin and phospholipid
took place, which resulted in polymerization of
3S to 12S hemolysin. Arbuthnott et al. (5)
have stated that certain lipids induce polym-
erization of 3S hemolysin to the 12S form.
Polymerization was induced by the following
lipids in order of their decreasing sensitivity:
diglyceride, lecithin, cholesterol, and lysoleci-
thin. However, a mixture of lecithin, choles-
terol, and dicetyl phosphate (70:10:20 molar
ratio) was more successful in promoting po-
lymerization than any individual lipid. They
concluded that the polar group of lecithin is
not required for polymerization and that the
alpha hemolysin can interact hydrophobically
with lipids as concluded earlier by others (61,
204).

Because alpha hemolysin disrupts artificial
and natural membranes, Buckelew and Cola-
ciceo (17) studied its behavior at air-water inter-
faces. They found that the hemolysin spread
readily as a thick film on aqueous media and
that penetration of hemolysin into lipid mono-
layers was related to their structure. Rates of
penetration were greatest with cholesterol and
least with gangliosides. Other lipids such as
sphingomyelin, phosphatidylinositol, and leci-
thin occupied an intermediate position. They
argued that surface activity of alpha hemolysin
may play an important role in its action upon
membranes. In the light of these results, it is
curious that Weissman et al. (204) found that
alpha hemolysin released the same amount of
anions from spherules whether or not choles-
terol was present.

Inhibition of alpha hemolysin activity by
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ganglioside was also noted by Colaciccq and
Buckelew (29) and some years earlier by Do
and North (41). The latter authors obseyy
that ganglioside inactivated the lethal effectg of
hemolysin in mice. Wiseman (unpublisheq ob-
servations) studied the interaction of hernolysin
and ganglioside by difference spectral tech-
niques in the ultraviolet region of the spectryp,
He noted that the absorption peak of hemolysip,
underwent a small shift toward the red end of
the spectrum, but that a similar shift was
observed if hemolysin was incubated wity
albumin or casein. It thus appears that regc.
tion of alpha hemolysin with ganglioside jg
nonspecific, but this does not rule out the poss;.
bility that hemolysin-ganglioside interaction ig
in some way responsible for hemolysis.

Harvie (84) associated alpha hemolysin with
cholesterol esterase activity, since her hemo]-
ysin preparation deesterified cholesteryl esters
in lipoproteins. She made no attempt to corre-
late this activity with the hemolytic spectrum
of the hemolysin.

Great importance has been attached to the
presence of ringlike structures (Fig. 1) on
hemolysin-treated artificial and natural mem-
branes negatively stained and viewed under
the electron microscope (4, 5, 11, 61, 62). These
rings are reported as having diameters of 8.7
(165), 10 (4), and 9 to 10 nm (61). According to
Bernheimer (8), it seems uncertain whether the
rings are formed before or after lysis takes
place. The view that rings are inactive (polym-
erized) 12S hemolysin is based on morphologi-
cal evidence and on the observation that incu-
bation of ring-containing membranes with 8 M
urea releases hemolytic activity. Arbuthnott et
al. (5) have also found that sodium dodecyl
sulfate disc gel electrophoresis of active 3S
hemolysin yielded a slow-moving component
(12S) which contained the ring structures. The
rings are associated only with mammalian cell
membranes and are not found on bacterial
membranes exposed to hemolysin (11). Per-
haps the latter are deficient in hemolysin ac-
tivator, or it may be that hemolysin interacts
with lecithin, common in mammalian but rare
in bacterial membranes. The ring phenomenon
is also seen in erythrocyte membranes under-
going immune hemolysis (172). According to
Seeman (172), there is a close association be-
tween globules of protein in the membranes
and the rings. Thus the formation of rings in
membranes incubated with alpha hemolysin
may merely be a consequence of hemolysis
induced by a variety of agents.

Bernheimer et al. (11) have also shown that
freeze-etching of hemolysin-treated artificial



F1c. 1. (a) Rectangularly ordered rings on a portion of a rabbit blood platelet fragment treated with a

323

HEMOLYSINS OF S. AUREUS

mixture of 0% co-toxin and 10% &-toxin and negatively stained with ammonium molybdate. Bar represents
0.2 nm. (b) Randomly disposed rings on portion of rabbit blood platelet membrane treated with a mixture of
99% ao-toxin and 1% &-toxin and negatively stained with ammonium molybdate. Bar represents 02 nm
(X 150,000). Figure is reproduced from Bernheimer's article (8).

and natural membranes revealed a rectangular
or randomly distributed array of rings. Random
orientation of rings was associated only with
the effects of alpha hemolysin, whereas rec-
tangular patterns were observed when alpha
and delta hemolysins were added together.
These observations are different from those of
Freer et al. (62), who found that freeze-frac-
tured erythrocyte membranes incubated with
alpha hemolysin were vesiculated and frag-
mented. Ring structures were not observed in
these preparations. High magnification micro-
graphs of freeze-etched membranes showed
smooth depressions and plaque formation but
no rings. Similar depressions (pits) were also ob-
served in freeze-etched erythrocyte membranes
incubated with saponin (172). It is difficult to re-
concile these findings with those of Bernheimer,
but small differences in methodology and in he-
molysin preparations might grossly affect the
appearance of the membranes. Relevant per-
haps is Bernheimer’s (11) statement that his
alpha hemolysin contained 1 part delta hemoly-

sin in 400 parts of alpha hemolysin. Thus, small
quantities of contaminating delta hemolysin in
otherwise homogeneous alpha hemolysin could
account for the appearance of randomly ordered
rings in contrast with the rectangular arrays
seen with larger proportions of delta to alpha
hemolysin. The alpha hemolysin of Freer et al.
(62) was claimed to be free from other extra-
cellular products.

Cassidy et al. (25) have called into question
the usefulness of artificial membranes as
models for the investigation of hemolysin ac-
tion. They found that the action of alpha hemol-
ysin on spherules composed of rabbit erythro-
cyte phospholipid was not selective. Spherules
which contained phospholipid from human
erythrocytes were equally sensitive to the
hemolysin. This finding is not in agreement
with the observation that human erythrocytes
are many times more resistant to alpha hemol-
ysin than rabbit erythrocytes.

Another view of the mode of action of alpha
hemolysin has recently been put forward by



324

Wiseman and Caird (215, 216) and Wiseman et
al. (217). They found that, although hemolysin
released no acid-soluble phosphorus from rabbit
erythrocyte membranes, nitrogen appeared in
the supernatant fluid and increased propor-
tionally with respect to time (215). The same
phenomenon was observed with lipid-free rab-
bit erythrocyte membrane protein. In particu-
lar, release of nitrogen from erythrocytes by
hemolysin was directly correlated with their
hemolytic sensitivity. Hemolysin had no effect
upon hemoglobin and several other proteins
tested, unless an erythrocyte membrane prepa-
ration was also added. The amount of nitrogen
liberated from the proteins under these cir-
cumstances was greater than that released by
the membranes alone. Morrison and Neurath
(149) and Moore et al. (147) have studied the
proteolytic action of erythrocyte membranes,
and it appeared to us that the enhanced release
of nitrogen from test proteins by hemolysin-
“ghost” mixtures might be due to activation of
alpha hemolysin by membrane proteinases.
The proteolytic activity of erythrocyte ghosts
was directly correlated with their hemolytic
sensitivity. Analysis of erythrocyte membranes
treated with hemolysin is shown in Table 5
and indicates that the protein content is re-
duced.

Further evidence in support of these conclu-
sions has been obtained by Wiseman et al.
(217), who showed that alpha hemolysin is
activated by trypsin and that it will then hy-
drolyze tosyl arginine methylester. The hemol-
ysin was activated by trypsin coupled with
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TABLE 5. Analysis of rabbit erythrocyte membranes
treated with staphylococcal alpha hemolysin®

mg of packed cells/ml®

Assay Untreated tl:a ‘:::‘:Zi;

l'f: :::s alpha hemol-
ysin
Phospholipid 1.19 1.20
Total lipid 1.45 1.50
Cholesterol 0.33 0.34
Total carbohydrate 0.26 0.27
Hexosamine 0.14 0.14
Sialic acid 0.12 0.12
Pentose (as ribose) 0.07 0.06
Nitrogen 0.50 0.39
Nitrogen as protein® 3.10 2.42
Protein? 1.84 1.66

@ Wiseman (unpublished observations).

® Mean of three determinations.

¢ Nitrogen concentration multiplied by 6.25.
4 Determined by the Lowry reaction.
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carboxymethylcellulose in the presence of
N,N'-dicyclohexylcarbodiimide. The K, of ¢,

hemolysin was different from that of the tlypsi:
although both exhibited the same V. with
tosyl arginine methylester as substrate.

Binding of '*I-hemolysin to erythrocyteg is
correlated with their hemolytic sensitivity (24)
and confirms earlier work (216). Cassidy anq
Harshman (24) observed that, after partiq)
liberation of '*I-hemolysin from erythrocyteg a
final phase was reached in which a portion of
it remained bound to the membrane. Thege
findings are to some extent in keeping with the
observation of Wiseman and Caird (216) that
the activator of alpha hemolysin is loosely
bound to rabbit erythrocyte membranes. They
found that a portion remained on the mem.
brane and some appeared in the supernatant
complexed with activator. Apart from this it ig
not possible to say how accurately Cassidy’s
findings reflect the system proposed by Wise-
man and Caird. Freer et al. (62) could not con-
firm evidence of a proteolytic mechanism in the
mode of action of alpha hemolysin. They found
that rabbit erythocyte stromata treated with
hemolysin showed (i) no alteration in polypep-
tide patterns as assessed by disc gel electro-
phoresis which might be expected if a protein-
ase was involved; (ii) no reduction in sediment-
able protein; (iii) a freeze-etching pattern under
the electron microscope unlike that obtained
with known proteolytic enzymes. A fourth
observation was that the proteinase inhibitor
phenylmethane sulfonylfluoride failed to in-
hibit hemolysis. It should be pointed out,
however, that Freer et al. made no attempt to
demonstrate the presence of activator in their
membrane preparations. Ghost preparations
can vary in properties with respect to the
method of preparation (Dodge et al. [40]), and
they may have lost or destroyed it. There is
also no reason to suppose that the freeze-
etching pattern obtained in hemolysin-treated
erythrocyte membranes will resemble that of
all other proteolytic enzymes. For example,
Speth et al. (182) did not observe a common
freezing-etching pattern in membranes treated
with phospholipases.

The problem at hand is the reconciliation ot
two views of the interaction of alpha hemolysin
with its substrate in the erythrocyte membrane.
One is that the surface activity of the hemol-
ysin and its interaction with lipids accounts for
its biological activity. The other view argues
that the erythrocyte membrane activates the
hemolysin by a proteolytic mechanism, and the
activated material can react with membrane
proteins producing lysis. As we have stated,
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Cassidy et al. (25) found that spherules com-
posed of lipid extracted from human and rabbit
erythrocytes were equally sensitive to alpha
hemolysin in contrast with the known differ-
ences in hemolytic sensitivities of these erythro-

species. Moore et al. (147) in their study
of erythrocyte proteinases found that activity
was associated with membrane lipoprotein.
perhaps the interaction of alpha hemolysin
with membrane lipoproteins might anchor it in
a particular conformation which is susceptible
to the action of proteinase activator.

Toxic properties of alpha hemolysin. Various
definitions of a toxin have been put forward,
put Bonventre (15) defined a toxin as a high-
molecular-weight protein of microbiological
origin which is antigenic and causes disruption
of normal physiological processes in a sensitive
animal. Although this definition has been
challenged (194), alpha hemolysin fulfills these
criteria and may be called a toxin.

Both cold- and warm-blooded animals are
sensitive to the hemolysin and the severity of
its effects is dose dependent. Fackrell and
Wiseman (56) determined that the mean lethal
dose (LD;y) in mice injected intraperitoneally
was 0.68 = 0.19 ug or 27 to 34 ug/kg of body
weight, in fair agreement with the value ob-
tained by Arbuthnott (3). Lominski et al. (125)
obtained minimum lethal dose values of 50
pg/kg in mice and 1.3 ug/kg in rabbits injected
by the intravenous route. LDy, data obtained
by others for mice are 600 ug/kg (74) and about
50 ug/kg intravenously (203). Watanabe and
Kato (203) found that the minimum dermo-
necrotic dose in rabbit skin was 0.03 ug. Rab-
bits injected intravenously with a minimal
lethal dose die after a few days. The major
pathological findings are kidney necrosis fre-
quently accompanied by flaccid paralysis of the
hind legs. Larger intravenous doses may cause
death in a few minutes, unsteadiness, or respi-
ratory difficulty and intermittent muscular
spasms. However, at death the limbs are flac-
cid and no histological changes appear evident.
Intravascular hemolysis has been noted in ani-
mals given large doses. Subcutaneous admin-
istration of small doses results in what appears
to be hemolysis under the skin in the surround-
ing area, which progresses to severe necrosis,
sloughing of tissue, and heavy scab formation
after several days.

Arbuthnott (3), in summarizing the main
findings, has observed that the hemolysin
acts on the peripheral circulation, heart, and
central nervous system. In perfused heart mus-
cle from the rabbit, chicken, and cat, alpha
hemolysin caused constriction of the coronary
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arteries and systolic arrest (205, 206). Nelis
(153) also suggested direct action on the res-
piratory center. Samanek and Zajic (170) have
reported a decline in cardiac output in animals
that have received hemolysin. The latter group
noted changes in blood pressure which they
suggested were caused by an effect of the
hemolysin on smooth muscle of the blood ves-
sels. In keeping with this is the observation of
Thal and Egner (187, 188) that hemolysin causes
vasospasm of the small blood vessels. Jeljasze-
wicz et al. (99) have studied the distribution of
¥11.alpha hemolysin in rabbits, finding that
intravenous injection distributed toxin in nearly
all organs but in increased amount in kidney
and lungs. It was also detected in brain tissue.
Cassidy et al. (25) showed that alpha hemolysin
in 1-ug/ml amounts induced spastic paralysis
of the smooth muscle of guinea pig ileum, a
phenomenon which was unresponsive to K+ or
Ca?* ions or isoproteranol. Wurzel et al. (218)
made similar observations. This range of find-
ings indicates, as observed by Arbuthnott (3),
that there is no unified concept of the action of
alpha hemolysin in the animal body. The pro-
teolytic mechanism of action might in part
explain its effect on animals by assuming that
it selectively destroys those cells in vivo which
have the highest membrane content of activat-
ing proteinase. This hypothesis, however, is
unable to account for rapid death in sensitive
animals given large doses.

Numerous studies of the toxic effect of al-
pha hemolysin on cultured cells have been re-
ported (97). Ehrlich ascites cells have been used
(128), as well as KB cells (115, 116), chicken em-
bryo cells (64, 155), rabbit kidney (64, 161, 189),
calf, human, and monkey kidney cells (80), and
human diploid fibroblasts and HeLa cells (189).

Alpha hemolysin induces blast transforma-
tion in rabbit lymphocyte cultures (35), and its
effect on platelets (10, 136, 157), leukocytes, and
macrophages (67, 134) has also been studied.
The action of hemolysin has been investigated
on almost every type of cell and the effects
described are legion. Probably most of the find-
ings could be explained on the basis of the pri-
mary interaction of hemolysin with cell mem-
branes. Discussion of the cytotoxicity of alpha
hemolysin is also found in the reviews of Jel-
jaszewicz (97) and Arbuthnott (3).

Beta Hemolysin

Production. The production of beta he-
molysin on solid and in liquid media has been
reviewed by Wiseman (211). As with alpha
hemolysin, incubation of cultures in a mixture
of CO, and air or oxygen gives good yields,
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concentrations in the range of 10 to 25% having
been found satisfactory by most investigators
(26, 27, 43, 75, 90, 168). Maheswaran et al. (133)
found an atmosphere of 50% CO, in oxygen
adequate, but Haque and Baldwin (82) noted no
difference in titers over a range of 20 to 80%
CO; in air or 20% CO, in oxygen. Wiseman (211)
reported that production of beta hemolysin was
decreased in mixtures of CO, in oxygen in
contrast with CO, in air. Wadstrom and Mollby
(196) obtained sufficient yields in liquid media
adequately aerated in the absence, presum-
ably, of CO,. Like alpha hemolysin, the role of
CO, in enhancement of beta hemolysin titers is
not specifically understood, but effects upon
growth do not appear to be responsible (211).

Limited information is available regarding
nutritional factors which affect production of
beta hemolysin (211). An investigation of the
amino acid requirements of S. aureus R-1 was
made and it was found that arginine, proline,
and glycine were an absolute requirement, as
were cystine and methionine together but not
separately (Table 6). Thiamine and nicotina-
mide were indispensable. There was no clear
distinction between amino acid requirements
for growth and hemolysin production. Chesbro
et al. (27) supplemented their completely
dialyzable medium with 0.5% arginine and
achieved improved yields.

Of interest is the recent paper by Sharma and
Haque (173) in which the 681C strain of S.
aureus was grown in a liquid synthetic me-
dium. Beta hemolysin production in this
strain required proline, glutamine, and cys-
tine. Aeration by shaking was inhibitory, but
incubation of the cultures under 15% CO,
tension increased yields. The 681C strain has
somewhat different requirements compared to
the R-1 strain. Sharma and Haque (174) have
noted that disturbances in tryptophan me-
tabolism affect beta hemolysin formation, as
judged by its inhibition in the presence of
tryptophan analogues such as 5-fluorotrypto-
phan. This finding is similar to that observed
for alpha hemolysin.

Beta hemolysin is produced at a maximal
rate early in the logarithmic phase of growth
(211).

Purification. Procedures developed for beta
hemolysin have been extensively reviewed (97,
211). A summary of the main features is found
in Table 7.

Physicochemical characteristics. Numerous
studies have shown that the hemolysin is a
protein (83, 92, 133, 208). Molecular weights
range from 1.1 x 10* to 5.9 x 10* (26) to values
of 1.6 x 10* to 3.8 x 10% depending upon the
strain (see Table 9). The amino acid composi-
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TABLE 6. Nutritional requirements of
Staphylococcus aureus R-1 in a defined solig

medium®

T

Hemolytic ti.

Omissions from com- Growth terofbeta he.

plete medium (ODgso)® molysin
(HU/m]y

Alanine 0.09 640
Leucine 0.07 640
Valine 0.03 160
Glycine 0.01 40
Hydroxyproline 0.08 640
Tryptophan 0.08 320
Histidine 0.08 320
Proline 0.01 <20
Aspartic acid 0.08 320
Glutamic acid 0.08 320
Cystine 0.06 160
Methionine 0.08 640
Cystine, methionine 0.02 <20
Lysine 0.09 640
Arginine 0.02 <20
Thiamine 0.03 <20
Nicotinamide 0.04 20
Complete medium? 0.08 640

@ Modified from Wiseman (211).

5 ODgs0, Optical density at 650 nm; cells were
harvested and diluted 1:20 before optimal density
measurements were made.

¢ Sheep erythrocytes; HU, hemolytic units (see
216).

4 Based on Gladstone (66).

tion is given in Table 8. There are some
differences between Fackrell’s data and those of
Bernheimer et al. as shown in Table 8, but the
cause of the variation is not clear.

Several investigators have separated a major
(cationic) and a minor (anionic) component
from preparations of beta hemolysin (83, 133,
145). Mollby and Wadstrom (145) found that
95% of their crude hemolysin subjected to
isoelectric focusing was in the cationic form of
pl = 95 = 0.1. About 5% of the crude
preparation was in the anionic form (pI = 3 to
4). They also showed that occurrence of the
anionic hemolysin was probably due to aggre-
gation (presumably of some of the cationic
form) and that passage of crude hemolysin
through ion-exchange columns that contained
6 M urea resulted in the appearance of only the
cationic form. In a later publication, Wadstrom
and Mollby (196) revised the pl to 9.4 = 0.1.
Table 9 summarizes information on the physi-
cal characteristics of beta hemolysin.

Mode of action. The mode of action of beta
hemolysin has been discussed by Wiseman
(211), Jeljaszewicz (97), and Bernheimer (8).
Doery et al. (42, 43) first noted that beta hemol-
ysin released acid-soluble phosphorus from
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TaBLE 7. Purification of staphylococcal beta hemolysin
Reference Strain Procedures® Sp ﬁt'ffrﬁjg:‘f/:;(;win
Robinson et al. (168) L16 D,B,D, A ?
Jackson (92) J32A D,D,B ?
Chesbro et al. (27) UNH-Donita B ?
Wiseman (208) R-1, 252F B,D 108
Wiseman and Caird (213) R-1, 252F B,D,C ?
Maheswaran et al. (133) J19 D,C,B,B 7 x 10*
Gow and Robinson (75) MB534 D,C,B,E 5 x 10°
Haque and Baldwin (83) 681 D, B 107
Wadstrom and Mollby (196) R-1 B, A%, C 3 x 10"
Bernheimer et al. (12) G-128, R-1, 234 D, D, A® 2.6 x 10°

@ A, Electrophoresis (starch block); B, ion-exchange chromatography; C, gel filtration (molecular sieve);

D, precipitation; E, electrophoresis (sucrose gradient).

b Electrofocusing (pH gradient).

erythrocytes, the source of which was sphin-
gomyelin, a phospholipid widely distributed in
mammalian cell membranes. This observation
has since been confirmed by a number of
investigators (63, 126, 129, 130, 196, 212, 213).
Sphingomyelin is appdrently not found in S.
aureus (63) and beta hemolysin itself plays no
demonstrable role in staphylococcal lipid me-
tabolism. The degradation of sphingomyelin as
originally suggested by Doery is thought to
proceed as follows:

Sphi : beta hemolysin
phingomyelin — Mg
N-acyl sphingosine + phosphorylcholine

This observation is based on recovery of all
phosphorus and half of the nitrogen in an
aqueous extract of the reaction products and
was confirmed by the identification of the end
products by thin-layer chromatography.

Of several phospholipids tested, it was found
that the rate of hydrolysis was most rapid with
sphingomyelin (213). The beta hemolysin did
not hydrolyze phosphatidylethanolamine, phos-
phatidylcholine, or phosphate bonds of ribonu-
cleic acid, beta glycerophosphate and phenyl-
phosphate. Doery et al. (43) observed that
hemolysin also attacked lysophosphatidylcho-
line. It has been shown (213) that hemolytic
sensitivity of erythrocytes to beta hemolysin is
correlated with their sphingomyelin content.

Requirement of the beta hemolysin for Mg?*
ions has been documented by various workers
(43, 75, 82, 130, 208, 213). Other metal cations
such as Co*~ and Mn?* also enhance hemolysis
of erythrocytes in the presence of beta hemol-
ysin (208). Maheswaran and Lindorfer (130)
have investigated some aspects of the kinetics
of hydrolysis of sphingomyelin by purified beta

TABLE 8. Amino acid analysis of staphylococcal

beta hemolysin
Residues
Amino acid Bernheimer et Fackrell

al. (12)° (53)°
Aspartic acid 44 4
Threonine 14 17
Serine 23 33
Glutamic acid 25 38
Proline 10 0
Glycine 21 39
Alanine 12 25
Valine 12 18
Cystine/cysteine 0 4
Methionine 4 0
Isoleucine 9 17
Leucine 12 20
Tyrosine 14 1
Phenylalanine 8 13
Lysine 28 33
Histidine 8 8
Tryptophan 6 ?
Arginine 6 13
Ammonia ? 143

¢ Methionine set at 4 in original data.
® Histidine set at 8.

hemolysin. They found that release of acid-
soluble phosphorus from erthrocyte ghosts by
hemolysin is directly proportional to tempera-
ture between 37 and 45 C, although release was
maximal at 41 C when purified sphingomyelin
was the substrate. When hemolysin concentra-
tion was plotted against liberation of phos-
phorus, a straight line was obtained which
indicated a first order reaction.

The “hot-cold” reaction. Beta hemolysin,
along with ‘several similar agents (e.g., the
alpha toxin of Clostridium perfringens) is a
“hot-cold” hemolysin; that is, hemolysis is
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¢ .
TABLE 9. Some characteristics of staphylococcal beta hemolysin

Reference Strain Sa0.w Mol wt pl Enzyme activity

Gow and Robinson (75) MB534 1.7 —a ?

Mollby and Wadstrom (145) R-1 — — 9.5 x0.1 ?
Chesbro and Kucic (26) UNH-15 — 1.55 x 10* - ?
Wadstrom and Mollby (196) R-1 — 3.8 x 10* 9.4 0.1 Sphingomyelinage
Fackrell and Wiseman (56) R-1 1.8 2.6 x 10*° 9.5 Sphingomyelinage

1.61 x 10*¢
Bernheimer et al. (12) G-128, R-1, 234 — 3 x 10* 9.0 = 0.1 Sphingomyelinage
Maheswaran and Lindorfer — 9.5 Sphingomyelinase
(132)
Chesbro et al. (27) UNH-Donita — 5.9 x 10* — Carbohydrase (?)

¢ Not reported.
® Gel filtration.
¢ Amino acid analysis.

significantly increased if incubation at 37 C is
followed by a period of holding at a lower
temperature. Much has been written about this
reaction, but it is probably true to say that it is
still imperfectly understood. Wiseman (209,
211) discussed the phenomenon, finding that
rapid alteration of pH or NaCl concentration in
suspensions of erythrocytes treated with he-
molysin caused intensified hemolysis at 37 C.
He further suggested that a reduction in
temperature may cause sudden contraction of
the treated membrane which might break
weak bonds and cause the structure to disinte-
grate.

Recently, Meduski and Hochstein (144) have
advanced the hypothesis that the “hot-cold”
phase results from changes in choline residues
of membrane sphingomyelin. They found that
the lytic effects of I,~ ions on erythrocytes are
similar to those observed in “hot-cold” lysis.
The addition of dipalmitoyl lecithin to the
system prevented I;~ hemolysis of erythrocytes,
provided it was added before initiation of the
“hot” phase. It appeared that I;~ bound to the
lecithin as a stable complex, a triiodide, which
was chromatographically identifiable. It would
seem that I,~ can also interact with —N*+(CH;);
groups of other phospholipids at pH 7.0 which
also leads to “hot-cold” lysis. The authors point
out that the sphingomyelins may bind I;~ most
actively because of their physicochemical prop-
erties. Erythrocytes of sheep, man, and rats
are, in that order, decreasingly sensitive to the
action of beta hemolysin as they are to I;~
hemolysin. Meduski and Hochstein thus argue
that the fixed positive charge of phospholipids
mediates leakage of hemoglobin through the
membrane and that this leakage reaches
“equilibrium” during the “hot” phase. A reduc-
tion in temperature would shift this equilib-
rium so that leakage is increased. Their view is
that “hot-cold” hemolysis is a feature of the

response of erythrocytes to any agent which
affects —N~(CH,), groups of membrane phos.
pholipids. Bernheimer (8) has suggested that
sphingomyelin, presumably located on or near
the membrane surface, undergoes extensive
hydrolysis in the presence of beta hemolysin to
expose lipid monolayers. These monolayers
withstand incubation at 37 C, but temperature
reduction leads to thermodynamic instability
with resulting collapse of multiple areas of the
membrane and hemolysis.

Toxic properties of beta hemeolysin. Most
controversy centers on the toxicity of beta
hemolysin. Observations have contradicted one
another, although it is certainly true that some
work has been done with impure preparations.
A number of investigators have observed toxic
effects on mammalian cell cultures and suspen-
sions (27, 98, 116, 210). More recently, Wad-
strom and Mollby (198) have reported that beta
hemolysin is cytotoxic for HeLa cells, human
fibroblasts, and human thrombocytes, al-
though Thelestam et al. (189) did not confirm
this finding for hemolysin acting on human
fibroblasts. Contradictory results have been
obtained by Gladstone and Yoshida (70), who
found that crude hemolysin had no effect on a
variety of cultured cells including HeLa, L,
HL, FL, HEp, chick fibroblasts, and rat heart
connective tissue cells. Hallander and Bengts-
son (80) also did not observe toxicity when
beta hemolysin was incubated with human,
bovine, and monkey kidney tissue cells. Con-
flicting observations have been made of the
effects of beta hemolysin injected into va-
rious animals. Heydrick and Chesbro (87)
claimed that intraperitoneal injection of hemol-
ysin into guinea pigs was lethal only if given
with Mg®* ions. Wiseman (208) found that
partially purified preparations from two strains
of S. aureus were not lethal for mice or rabbits
whether or not Mg?* ions were included in the
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:noculum. Intradermal injections of the hemol-
in into rabbits caused slight swelling with an
hematous flush, but no necrosis. Mahes-
waran et al. (133) could not demonstrate
rmonecrosis in rabbits after intradermal
injection of rabbits in the presence or absence of
-. Gow and Robinson (75) reported that the
pemolysin killed rabbits when injected in doses
of 40 to 60 pg. Wadstrom and Mollby (197, 198)
observed that the LDy, dose was in the range 10
to 100 pg for mice, rabbits, and guinea pigs
and 0.25 to 10 pug for chicken embryos. Their
view is that the beta hemolysin on a weight
pasis is as toxic as alpha hemolysin. However,
their results were not reported as micrograms
of hemolysin per kilogram of body weight. By
comparison, LDy, doses reported for alpha
hemolysin are 0.68 (56) and 1 ug of protein (3),
or in the range.of 27 to 34 ug of protein/kg of
mouse tissue. Thus for rabbits, mice, and
guinea pigs, we must accept that beta hemol-
ysin is 10 to 160 times less toxic than alpha
hemolysin. Variations in the strain of mice
employed, as well as differences in beta
hemolysin preparations, could account for the
observed discrepancies in findings. The basis
for such conflicting reports continues to be
elusive at the present time.

Delta Hemolysin

Production. Production of delta hemol-
ysin on various media and the effect of CO, on
titers have been reviewed by Wiseman (211)
and Jeljaszewicz (97). Two methods have
largely been favored: (i) cultivation on solid
media overlain with cellophane and (ii) casein
hydrolysate liquid media supplemented with
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yeast diffusate. The cellophane-on-agar tech-
nique (14) has been used with some variation in
the composition of the medium by: Marks and
Vaughan (139), Jackson and Little (95), Hoff-
man and Streitfeld (88), Murphy and Haque
(152), and Wiseman and Caird (214). The
semidefined medium of Bramann and Norlin
(16) has been used with some variation by
different investigators (86, 101, 108, 119, 219).
Since Williams and Harper (207) observed that
delta hemolysin was not produced in a liquid
medium and that its production required no
CO,, more recent work has utilized aeration of
liquid media with oxygen or air at a controlled
rate in the presence or absence of CO.,.
Purification. A summary of the essential
features of purification schemes is given in
Table 10. It should be noted that the procedure
of Yohida (219) yielded crystalline delta hemol-
ysin contaminated with beta hemolysin and
ribonuclease (70). It might also be pointed out
that the one-step procedure of Kreger et al.
(119) gives delta hemolysin contaminated with
alpha and gamma hemolysins (53, 54).
Physicochemical characteristics. Delta he-
molysin activity is not affected by ethylene-
diaminetetraacetic acid, citrate, or metal ca-
tions (95, 211). A property of the hemolysin
which sets it apart from other hemolytic
proteins of S. aureus is its inhibition by serum
components (70, 95, 119, 135, 214). According to
Kapral (105, 106), the phospholipid content of
sera or crude protein fractions might account
for the inhibitory activity. Maheswaran and
Lindorfer (131) found that delta hemolysin
could be fractionated into three components of
pl 3.32 (delta I), 3.75 (delta II), and 8.45 (delta

TaBLE 10. Purification of staphylococcal delta hemolysin

Reference Strain Procedures® Sp act®
Jackson and Little (96) 1363, 2426, A,B,C, 3,200
2428, 2429

Yoshida (219) Foggie (1A, B,C,C,D,D 120
2)A,D,D 400
Caird and Wiseman (22) E-delta B,B,D,D 12,000
Kreger et al. (119) Wood 46M" D 4007
200

Heatley (86) 186/ A, B CC,C,B 250-300
Kapral and Miller (108) PG114 E,B 400¢
2000
Kantor et al. (101) Wood 46M D 7%

“ A, Heating; B, precipitation; C, extraction with organic solvent; D, ion-exchange chromatography; E,

“Diaflo” ultrafiltration.

* Hemolytic units per milligram of protein or nitrogen.
“ Derived from Wood 46 by ultraviolet irradiation.

4 Insoluble delta hemolysin.
* Soluble delta hemolysin.

! Derived from Newman by subculture.
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III) by electrofocusing. The results of Kreger et
al. (119) differed from those of Maheswaran and
Lindorfer in that two peaks of pI 9.5 + 0.3 and
5.0 = 0.2 were obtained. The 9.5 peak repre-
sented about 70% of the hemolytic activity, but
in Maheswaran’s preparation the 3.75 peak
was the major portion. Kantor et al. (101) found
one peak of pl 5.2 in the presence of 0.1% Tween
80. Hemolytic activity was equally spread be-
tween three peaks of pl 4.65, 6.7, and 9.0. The
pl of the preparation of Mollby and Wadstrom
(145) was 9.6 *= 0.2, identical with the value
obtained by Fackrell and Wiseman (56). At any
rate, the pl of a major proportion of delta
hemolysin activity is in the range of 9 to 10. Va-
rious molecular weights have been reported
(Table 11) ranging from 6.8 x 10* to greater
than 2 x 107,

The structure of the delta hemolysin mole-
cule has occupied the attention of Kantor et al.
(101), who claimed that it consisted of five
subunits weighing 21,000 daltons apiece as
indicated by dissociation in 0.1% Tween 80.
They stated that further treatment with deter-
gent yielded smaller particles. It was thought
that each fragment of 21,000 daltons repre-
sented a tetramer of identical polypeptide
chains and that the so-called “native” form of
the hemolysin was a structure which contained
five of these tetramers oriented in a planar-
radial configuration.

Hemolytic activity. Erythrocytes of various
species are more uniformly sensitive to delta
hemolysin than alpha, beta, or gamma hemoly-
sins (97, 211).

Reaction Kkinetics. A linear relationship is
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observed between degree of hemolysis of b,
man erythrocytes and delta hemolysin cqp,.
centrations within roughly approximate limitg
of 15 to 75% lysis (86, 95, 219). Some studieg
have been made with phosphatidylinositel (211

214). The reaction between delta hemolysin ang
the phospholipid was linear up to a hemolysip,
concentration of 500 hemolytic units/ml, the
rate being directly proportional to temperatyre
between 30 and 56 C. An activation energy of
18,750 cal (78,487.5 J) was obtained from ap
Arrhenius plot.

Mode of action. Several investigators have
expressed the opinion that surface activity of
the hemolysin accounts for lysis of sensitive
erythrocytes (7, 8, 86, 118, 163). Bernheimer (8)
has compared the activity of delta hemolysin to
surfactin from Bacillus subtilis, a heptapeptide
of which glutamic acid is the N terminus in
amide linkage with 3-hydroxy-13-methyl-tetra-
decanoic acid. Although delta hemolysin and
surfactin have some properties in common,
others are dissimilar. Most striking of the
differences are the discrepancies in molecular
weight and in immunogenicity. Delta hemol-
ysin has recently been shown to be immuno-
genic (54). Quantitative data on the surface
activity of delta hemolysin are not available at
present.

Wiseman and Caird (214) and Wiseman (211)
have suggested that delta hemolysin acts
enzymatically on erythrocytes. The main find-
ing was that hemolysin from the Newman and
E-delta strains of S. aureus liberated organic
phosphorus from erythrocytes in direct propor-
tion to their sensitivity. Degradation of a speci-

TABLE 11. Some characteristics of staphylococcal delta hemolysin

Delta hemolysin

Reference conen pl Mol wt (830.0)
Yoshida (219) 0.4% — 6.8 x 10* 6.1
7.4 x 10° )
Hallander (78) ? >2 x 10° —
Mollby and Wadstrom (145) ? 96 + 0.2 — —_
Maheswaran and Lindorfer (131) IO 3.32
? an 3.75 — —
{an 8.45
Caird and Wiseman (22) 6.0 mg/ml — >2 x 10° 2.8
9.8
Kreger et al. (119) 0.6%* @M 95 = 03 — 1.9
an 50 = 0.2 49
11.9
Kantor et al. (101) ? ) 4.65 1.03 x 10° 6.04
II) 6.70 1.95 x 10°
(IIT) 9.00
Heatley (86) 6.0 mg/ml — — 49

2 Not reported.

® Concentration applies to ultracentrifuge experiments; concentration in electrofocusing column was a

total of 20 mg.
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fic phospholipid in erythrocyte ghosts was not
detected, although commercial preparations of
hosphatidylinositol, phosphatidylserine, and
phosphatidylcholine were preferentially hy-
drolyzed in that order. No action on sphingo-
myelin was observed. Thus, the source of
organic phosphorus in the erythrocyte is in
doubt, although the reaction kinetics are in
keeping with an enzymatic degradation of phos-
pholipid.

Several observers have noted that delta
hemolysin clarified egg-yolk agar, much as the
alpha toxin (lecithinase) activity of Clostridium
perfringens does. This finding has yet to be
explained, since many claim that delta hemol-
ysin has no phospholipase activity (86, 106, 119,
163). Wiseman and Caird (214) stated that the
hemolysin did not degrade phosphatidylcho-
line. Furthermore, various phospholipids, in-
cluding phosphatidylcholine, inhibit its hemo-
Iytic activity.

At present, the mode of action of delta
hemolysin is not entirely clear, and it would be
helpful if a careful reinvestigation of purified
preparations from a number of strains was
made, preferably in the same laboratory. What
is needed is a careful study of the surface
activity of the hemolysin, its action on artificial
lipid spherules, and its effect on the composi-
tion of erythrocyte ghosts.

Toxicity of delta hemolysin. Most agree that
delta hemolysin has an injurious effect on a
wide variety of cells in culture and on leu-
kocytes (67, 68, 70, 93, 94). It is also said to
disrupt bacterial protoplasts, spheroplasts, and
lysosomes (118, 119). Wiseman (210) and Jeljas-
cewicz (97) have reviewed the major findings.
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Some variation has been noted in the effect of
delta hemolysin on animals as indicated in
Table 12. The values shown are difficult to
compare since standard methods have not been
applied in calculation of the end point. The
LD;, dose of Kreger's delta hemolysin was
calculated from this data to be of the order of 2
mg for mice or 7.17 mg for guinea pigs.
Wadstrom and Mollby (197) reported the very
large LD;, dose of 125 mg in mice. Lethal or
dermonecrotic effects observed in such large
doses as these are probably due to contamina-
tion with alpha hemolysin. At any rate, the
lethal and dermonecrotic effects of delta hemol-
ysin are considerably less than those of alpha
hemolysin.

Immunogenicity of delta hemolysin. Several
investigators have not been able to produce
antibody against delta hemolysin (70, 79, 101).
Gladstone and Yoshida (70) claimed that the
hemolysin was neutralized by alpha and beta
globulin fractions of serum but only to a limited
extent by gamma globulin. Kapral (106) sug-
gested that this neutralizing activity was due to
the phospholipid content of the serum. Elek
(50) and Kayser and Raynaud (110) were of the
opinion that delta hemolysin is antigenic.
Donahue (45) found that 105 human sera
investigated contained equal amounts of delta
hemolysin inhibitor. He suggested that serum
lipoproteins, and not immunoglobulins, were
responsible for the inhibitory activity. Inhibi-
tion by serum was also noted by Maniar et al.
(135). More recently Fackrell and Wiseman (54)
removed nonspecific inhibitors from serum by
precipitation and ion-exchange methods. Anti-
serum to delta hemolysin, from which such
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TaBLE 12. Effects of delta hemolysin in animals

Dose (mg/kg)®
Reference Animal
Lethal Dermonecrotic®
Kreger et al. (119) Mouse 110 (MLD)* —
Rabbit 30 (MLD) 0.5-1.0
Guinea pig —_ 0.5-1.0
Kreger et al. (119)" Rabbit —_ <1-1
Guinea pig — <1-1
Gladstone (67)" Mouse >10 (LDso) —
Rabbit — 0.005-0.5
Wadstrom and Mollby (198) Rabbit 5000 (LDs,) —
Fackrell and Wiseman (56) Mouse 4 (LDs) 0.1
Guinea pig 4 (LDsp) 0.1

“ Calculated on the basis of average weights of 25 g for mice and 1 kg for rabbits.
® These doses cause dermonecrosis, but information regarding the minimum or 50% necrotic dose was not

available.
“ MLD, Minimum lethal dose.
4 Not reported.
“ Delta hemolysin supplied by Kapral (108).
/Supplied by Yoshida.
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inhibitors were removed, neutralized hemolytic
activity and precipitated it with the antigen.

Gamma Hemolysin

Although gamma hemolysin was de-
cribed in 1938 by Smith and Price (178) and its
existence confirmed by Marks (137), most
investigators, until quite recently, accepted the
view of Elek and Levy (51) and Elek (50) that
the alpha-2, gamma, and delta hemolysins
were identical. It now seems clear that Elek
could not have detected gamma hemolysin on
blood agar plates since its activity is apparently
inhibited by agar. Reports by Jackson (90),
Guyonnet et al. (77), Guyonnet and Plommet
(76), Mollby and Wadstrom (146), Taylor and
Bernheimer (186), and Fackrell and Wiseman
(56) have demonstrated its existence as a
hemolysin distinct from alpha, beta, and delta
hemolysins.

Production. Gamma hemolysin has been
produced in the laboratory by essentially the
same techniques which have been applied to
other staphylococcal hemolysins. The method
of Birch-Hirschfeld (14), in which cells are
grown on cellophane overlaying agar media,
has been used by Jackson (90) and by Fackrell
and Wiseman (55). Others have used the liquid
CCY medium of Gladstone and Van Heyningen
(68) with production of acceptable yields (76, 77,
146), or a CCY modification (186).

Optimal conditions of production have not
yet been thoroughly investigated.

Bacterio]. Rey

Aeration has been used in production |},
Guyonnet and Plommet (76) with a mixture of
25% CO, in oxygen, but Mollby and Wadstrop,
(146) found that active aeration lowered titers
Others (55) have found that highest titers werg
obtained when trays were incubated in
mixture of 10% CO, in air at pH 7.0 for 24 h ¢
37 C. Hemolysin production was minimal be.
yond the pH range of 6.0 to 8.0. They also founq
that it was produced late in logarithmic
growth, and that comparatively small amountg
were cell bound.

Purification. Methods are given in Table 13,
Guyonnet et al. (77) and Guyonnet and Plom-
met (76) found that hemolytic activity was
retained on a column of hydroxylapatite, but
that a molar gradient of 0.1 to 0.6 M eluted two
inactive peaks which, when combined, restored
hemolytic activity. Taylor and Bernheimer (186)
confirmed this finding, but neither Mollby and
Wadstrom (146) nor Fackrell and Wiseman
(55) were able to do so. The existence of two
peaks of lytic activity may be related to the use
of hydroxylapatite, since this material was not
used by Mollby and Wadstrom or Fackrell and
Wiseman.

Physicochemical characteristics. Jackson
(90) inactivated gamma hemolysin by heating
at 55 C for 10 min or with cysteine or ascorbic
acid. He found that agar inhibited its activity.
Guyonnet and Plommet (76) confirmed inhibi-
tion with agar but could not repeat Jackson’s
observations regarding ascorbic acid and cys-

TaBLE 13. Purification of staphylococcal gamma hemolysin

Reference Strain Procedure® Sp act®
Guyonnet et al. (77) 5R A 1,000-2,500
Mollby and Wadstrom (146) 5R A B ?
Taylor and Bernheimer (186) 5R C, A 4,000
Fackrell and Wiseman (55) 5R C,D,E,F,E 10°

s A, Ion-exchange chromatography; B, electrofocusing; C, ultrafiltration; D, gel filtration; E, precipita-

tion; F, other (NaCl extraction).
5 Hemolytic units per milligram of protein.

TABLE 14. Some characteristics of staphylococcal gamma hemolysin

Inhibition by:
Reference Strain = Sz0w pl Mol wt ©
Agar Phosisl:ohp-

Guyonnet and Plommet (76) 5R —a — — + ?
Mollby and Wadstrom (146) 5R — 9.5 — + ?
Taylor and Bernheimer (186) 5R — 9.8° 2.6 x 10*

9.9¢ 2.9 x 10* + +
Fackrell and Wiseman (56) 5R 2.6 6.0 4.5 x 10* + +

2 Not reported.
% Component A.
¢ Component B.
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~ teine. Some characteristics of the gamma
‘pemolysin are given in Table 14. Noteworthy is
jts inhibition by agar and phospholipids.
Isoelectric focusing of several preparations
indicates a pl of 9.5 to 9.9, but the value
obtained by Fackrell and Wiseman (56) was
6.0. Mollby and Wadstrom (146) found that
diethylaminoethyl-Sephadex adsorbed gamma
pemolysin in contrast to alpha, beta, and
delta hemolysins, all of which are basic
proteins, but this was not confirmed by Taylor
and Bernheimer (186).

Fackrell and Wiseman (56) have obtained
additional information on gamma hemolysin,
as shown in Table 15, where it is compared to
alpha, beta, and delta hemolysins.

Gamma hemolysin is antigenic (56, 76, 185).

‘Hemolytic activity. Gamma hemolysin acts
on human, rabbit, and sheep but not horse
erythrocytes (76). Mollby and Wadstrom (146)
found that rabbit erythrocytes were most
sensitive, whereas those of fowl were most
resistant. Other species (sheep, goat, human,
and dog) were of intermediate sensitivity,
whereas horse cells were only slightly lysed.
Fackrell and Wiseman (56) found that gamma
hemolysin had the greatest affinity for rabbit
and sheep cells and the least for chicken and
pigeon cells. The hemolytic spectrum of gamma
hemolysin is not particularly related to the
spectra of the other staphylococcal hemolysins.

Mode of action. The mode of action of
gamma hemolysin is unknown, but a few facts
have recently become available. Hemolysin
from the 5R strain is inhibited by ethylenedi-
aminetetraacetic acid and citrate, and sodium
ions appear to be required for lysis (56). There
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is no doubt that it is a protein (56, 186). Its
reaction kinetics are compatible with those of
an enzymatic reaction, evidence of a cation re-
quirement supporting this contention. Other
relevant findings are a pH optimum (with re-
spect to hemolysis) at 7.0, temperature opti-
mum between 37 and 45 C, and a reaction
velocity directly proportional to hemolysin
concentration over the range 0 to 10 hemolytic
units/ml (56).

Phospholipids inhibit the hemolytic action
of gamma hemolysin (186) and this has been
supported by our own recent findings (56). The
hemolysin released acid-soluble phosphorus
and nitrogen from erythrocyte ghosts, but
phospholipids derived from ghosts were un-
affected. Phosphatidylserine, phosphatidyl-
ethanolamine, sphingomyelin, and phosphati-
dylinositol were not hydrolyzed by the hemol-
ysin, nor did it attack tosyl arginine methyl-
ester or azocoll. However, membrane phos-
pholipids competitively inhibited hemolysis in
contrast to membrane proteins. These ob-
servations confirm the data of Taylor and
Bernheimer (186), who also found that phos-
pholipids of erythrocyte membranes were not
attacked by gamma hemolysin.

Toxicity. Information concerning effects of
gamma hemolysin in animals is scant. Smith
and Price (178) originally reported that crude
hemolysin killed rabbits but not mice and
guinea pigs, although it was slightly dermo-
necrotic for the latter. Fackrell and Wiseman
(56) have found that 100 ug of purified gamma
hemolysin subcutaneously injected into guinea
pigs and rabbits showed no effect. The same
dose injected intraperitoneally into mice by the
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TaBLE 15. Comparison of some properties of staphylococcal hemolysins®

Property Alpha Beta Gamma Delta
Sedimentation constant (ss..,) 14,3.0 1.8 2.6 2.8, 9.8
Extinction coefficient (i 13.56 4.24 28.35 29.08
Molecular weight (gel filtration) 4.5 x 10* 2.6 x 10* 4.5 x 108 2 x 10°
Isoelectric point (pI) 8.5 9.5 6.0 9.6
N-terminal amino acid Histidine® ? Methionine Proline
Most sensitive erythrocytes Rabbit Sheep Rabbit Human
Cation requirement — Mg?*/Co**/Mn2* Na*/K+ —
Inhibition by ethylenediaminetet- — + + -

raacetate
Inhibition by phospholipids +9 + + +°¢
Surface activity +/ ? ? +9

¢ Data from Fackrell and Wiseman (56), Wiseman (208), and Wiseman and Caird (213-215).

® Inactive form.

< None.

4 Freer et al. (61) and Arbuthnott et al. (5).
¢ Kapral (106).

/ Freer et al. (61).

? Heatley (86) and Bernheimer (8).
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intravenous route was also innocuous, but
guinea pigs were killed in minutes if 50 ug was
injected intracardially. Autopsy findings indi-
cated massive hemorrhage of the kidney and
serosal surfaces of the intestines accompanied
by frank lysis of erythrocytes in major veins
and arteries. Incubation of gamma hemolysin
with cells of the C-6 (human lymphoblasts) line
increased the rate at which the cells took up
trypan blue. Optical densities of suspensions of
rabbit and human platelets and human leuko-
cytes were decreased in the presence of gamma
hemolysin.

Epsilon Hemolysin

Elek and Levy (51) claimed that 95% of 77
coagulase-negative skin strains of staphylo-
cocci produced what Elek (50) called a “wide-
zone” hemolysin, which they designated “epsi-
lon.” Epsilon hemolysin produced a wide zone
of lysis on rabbit and sheep blood agar plates
and was not neutralized by staphylococcal
antitoxin, which presumably would contain
antibody to alpha, beta, gamma, and delta
hemolysins. Marks (138) also studied a number
of coagulase-negative strains, finding no evi-
dence that they were hemolytic. Several invest-
igators suggested that coagulase-negative
strains may produce delta hemolysin (68, 138,
141), and Kleck and Donahue (114) claim to
have demonstrated that epsilon and delta he-
molysins are identical. Ali and Haque (2) and
Cabrera and Haque (21) applied their electro-
phoresis localization technique to the detection
of hemolysins produced by S. epidermidis.
Several hemolysins were identified (epsilon,
theta, and kappa hemolysins), but their signifi-
cance is not understood at present. Wadstrom
et al. (199) have studied 20 or more strains of S.
epidermidis which commonly produced alpha
and delta hemolysins, but detected no other
hemolysins.

Role of the Hemolysins in Pathogenicity
and
Yirulence of Staphylococci

While most investigators would agree
that coagulase production by staphylococei is
closely associated with disease-causing poten-
tial, some have argued that the presence of
alpha hemolysin is a more accurate indication
of pathogenicity (28, 138, 171). Lack and
Wailling (122) suggested that pathogenicity of
S. aureus is more likely to be correlated with a
broad spectrum of toxins than with a single
substance after finding that only 82% of 435
strains produced alpha hemolysin. Elek and
Levy (51), in their classical study of 200
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coagulase-positive Staphylococcus straing from
human sources, found that 96% produced alpha
hemolysin, 11% produced beta hemolysin, and
97% produced delta hemolysin. None fajleq to
produce hemolysin on blood agar plates, g).
though gamma hemolysin was unlikely to haye
been detected. The alpha-delta hemolysin com.
bination was the most common in humay
strains and alpha-beta-delta hemolysin produye.
tion was the favored combination in straing
from animal sources.

Burns and Holtman (20), in their investiga.
tion of about 700 strains of coagulase-positive
staphylococci in two studies, found that ng
single factor could be identified specifically
with virulent strains. However, they diq
observe that coagulase and deoxyribonuclease
production was more characteristic of straing
from suppurative lesions than other strains. In
221 isolates, Noble (154) found that production
of 10 extracellular substances apparently had
no correlation with virulence, but there was
evidence that beta hemolysin and staphyloki-
nase were implicated in the initiation of
lesions. These is nevertheless some indication
that extracellular enzyme formation may be
greater in strains from lesions than in those
from carriers. Bhaskaran and Jayakar (13)
examined 186 coagulase-positive organisms
isolated from infections and 100 from healthy
carriers. Hemolysin production (alpha, beta,
and delta), and that of several other “aggres-
sins,” was elevated in the isolates from lesions.

Several investigators have been concerned
with in vive production of the hemolysins.
Gladstone and Glencross (69) observed that
high yields of alpha hemolysin were produced
by coagulase-positive strains from human
sources grown for 24 h in cellophane sacs in rab-
bits. These in vive hemolysin-producing strains
were inactive when tested on the appropriate
blood agar. Coagulase-negative strains were
uniformly nonhemolytic. They pointed out that
in vitro hemolysin testing may not always be
valid and that the imperfect correlation of in
vitro hemolysin production with virulence
might be misleading. Hauser and Berry (85),
Kapral et al. (109), and Cybulska and Jeljas-
zewicz (34) made similar observations. Thus,
evidence is conflicting with regard to the role
alpha hemolysin plays in staphylococcal disease.
A number of investigators have argued for the
importance of alpha hemolysin as a virulence
factor (59, 60, 104, 179, 184) and others have
refuted it (6, 58).

Kapral (107) has reviewed his work in which
mice and rabbits were used in the study of
experimental infections. He found that intra-
peritoneal injection of not less than 2 x 10® non-
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encapSUIated staphylococci which contained
pound coagulase caused formation of clumps of
cocci and leukocytes after several hours.
ClumPed inocula, which produced a lethal dose
of alpha hemolysin (15 to 20 HD,) or delta
hemolysin (200 HDy) within 2 h of injection
pefore they were surrounded by leukocytes,
caused death in 6 to 8 h. Kapral considered
alpha hemolysin to be of major importance in
this experimental model. Delta hemolysin
became a key factor only if alpha antitoxin was
present or if the organisms did not produce suf-
ficient quantities of alpha hemolysin. He also
felt that leukocyte infiltration of the clumps of
cocci reduced absorption of alpha hemolysin,
since some strains of mice that were unable to
mount a sufficient leukocyte response were
more quickly killed by smaller numbers of or-
ganisms. A further observation was that ab-
scesses excised from the mouse peritoneal
cavity contained alpha hemolysin concentra-
tions beyond those required to kill the animal;
yet it survived for days provided that the num-
bers of cocci did not increase.

In human infections, the picture is less clear
and it is easy to suggest that the necrotic
manifestations of disease in man are due to the
hemolysins, some of which are known to cause
such reactions in the skin of laboratory ani-
mals. In fact, there is scant evidence that this is
so. Elek (49) and Elek and Conen (52) have
performed direct virulence tests of staphylo-
cocci in human volunteers. They showed that
actual multiplication of cocci is required after
intradermal injection if pus is to be formed and
that injection of killed organisms at the same
dosage produced no pus. The minimum pus-
forming dose was the same whether or not the
organisms were injected as a washed suspen-
sion, which suggested that the presence of
preformed hemolysin had little effect on devel-
opment of the lesion. Smaller numbers of orga-
nisms inoculated together with larger amounts
of hemolysin did not produce pus where less
than the minimum pus-forming dose was
administered. Injection of the larger amount of
hemolysin alone, however, caused painful
swelling and some systemic disturbance. Elek
and his co-workers found that when a number
of staphylococcal strains of presumed differ-
ences in virulence were tested in this way the
pus-forming dose was always about 1 to 5 mil-
lion cocci. These same strains showed varying
virulence for rabbits. The doses required were
uniformly higher in rabbits and these animals
are extraordinarily sensitive to alpha hemol-
ysin.

Elek’s results, considered together with those
of Kapral, point to the inherent difficulties in
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this kind of investigation and certainly sug-
gest that the most cautious interpretation is
required of animal experiments meant to serve
as a model for human infection. Another major
problem in these studies is that it is difficult, if
not impossible, to exclude the influence of
staphylococcal products other than the one
under investigation. Rather than inject crude
culture filtrates or live cocci, some individuals
have favored the use of purified preparations.
Although this approach may at first glance
seem the most plausible, its detractors contend
that it is an artificial one and does not resemble
the natural infection in which many factors
presumably interact. While each approach has
its advocates, we are in fact trapped in a
circular argument from which at present there
is no escape.

Some indication of the importance of the he-
molysins in pathogenesis of staphylococcal
disease might be gained from an examination
of antitoxin therapy in man. Although it is not
within the scope of this review to discuss in
detail this question, a few points are relevant.
Antitoxin therapy for staphylococcal disease
was fashionable for some years, until the
advent of penicillin. Even so, evidence of its ef-
ficacy was conflicting (50). It is probably true to
say that about 75% of adults have antibody to
alpha hemolysin, but titers vary considerably.
The diagnostic value of such antibodies in sera
of patients is questionable, although it has been
said that they are of some significance in bone
and joint infections. Lack and Towers (123),
who measured four antibodies produced during
the course of these infections, found that
Panton-Valentine (PV) antileucocidin titers
arose more constantly than alpha antihemol-
ysin. In this connection, Taylor and Plommet
(184) have shown that gamma hemolysin is
antigenic in man; that gamma titers are rather
higher than those of alpha antihemolysin; and
that they are more consistently observed in
patients with osteomyelitis. They suggest that
determination of gamma antihemolysin titers
is useful in diagnosis of the infection and in
following the effects of treatment. Mudd (150)
and Mudd et al. (151) have advocated the use of
alpha hemolysin toxoid and Panton-Valentine
leucocidin toxoid on the basis of studies in
chronically ill and other patients. This view has
met with some resistance by other investiga-
tors (169).

Beta antihemolysin has been demonstrated
in a number of human patients (45, 46, 166,
192). Uyeda et al. (191) found antibody to beta
hemolysin in all 165 persons tested. The rela-
tionship of beta and gamma hemolysins to
disease in man and other animals is less clear
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than the question of alpha hemolysin, although
antibodies to beta hemolysin are of widespread
occurrence. It is tempting to speculate that an
enzyme like beta hemolysin would offer an
advantage to the Staphylococcus in permitting
it to gain a foothold in a wide variety of tissues
in which sphingomyelin is a common mem-
brane constituent. Disruption of the mem-
branes would release metabolites required by
the bacteria. Slanetz and Bartley (177) have
observed that beta hemolysin production is
particularly characteristic of strains of staphy-
lococci associated with bovine mastitis and one
could ask whether the skin and tissues of the
teat might be richer in sphingomyelin than
those of other body areas.

The Use of Staphylococcal Hemolysins in
Membrane Structural Studies

The usefulness of bacterial toxins as
tools of membrane research was largely unap-
preciated until quite recently when investiga-
tions into the effect of such purified agents on
membrane structure and function were more
widely publicized. It is not the purpose of this
review to offer detailed analysis of this field,
since the question has been dealt with by
others (8), but rather to give some indication of
the value of staphylococcal hemolysins in
membrane research and to provide some
guidance to the pertinent literature.

Alpha and delta hemolysins. As stated
elsewhere in this review, alpha hemolysin
causes the formation of rectangular arrays of
ringed structures on the surfaces of sensitive
erythrocyte membranes. These arrays were
abolished if the membranes were pretreated
with C. perfringens phospholipase C (165). This
was interpreted to indicate that membrane
phospholipid exists as micelles arranged in a
rectilinear lattice.

Bernheimer et al. (11), however, found that
the rectangular ordering frequently seen in
hemolysin-treated erythrocyte membranes by
themselves and others (61, 165) may result from
the interaction of membranes and alpha he-
molysin contaminated with delta hemolysin,
the staining technique itself, or both (Fig. 1).
Bernheimer et al. showed that the use of
ammonium molybdate rather than neutral
sodium phosphotungstate as a negative stain
yielded a random distribution of the rings in
the presence of alpha hemolysin, but it is
important to note that addition of delta
hemolysin promoted reordering of the rectan-
gular array of rings. Thus the findings of
Remsen et al. (165) may require re-inter-
pretation.
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There is some evidence that these rings are
12S alpha hemolysin, because treatment of
ring-structured membranes with urea liberateg
hemolytic activity (8). It is noteworthy that the
rings seen with so many species of mammaliap
cells are not observed on bacterial membranes.
This must reflect some basic difference in
membrane structure or organization between
the two kinds of cells.

Beta hemolysin. This hemolysin might be re.
garded as the most useful of the staphylococcal
hemolysins in membrane research because it is
an enzyme with a known mode of action. Beta
hemolysin, as we have noted, principally
hydrolyzes sphingomyelin, a phospholipid
widely distributed in mammalian cell mem-
branes, with the liberation of N-acyl sphingo-
sine (ceramide) and phosphorylcholine. Colley
et al. (30) have investigated the interaction of
beta hemolysin with human and porcine
erythrocytes. They observed that initially
degradation of 75 to 80% of the substrate
occurred in the absence of hemolysis, but
repetition of the experiment in the presence of
nonhemolytic B. cereus phospholipase C caused
complete hemolysis of the erythrocytes. It
seemed that beta hemolysin must first hydro-
lyze sphingomyelin and that removal of phos-
phorylcholine was a precondition of the inter-
action of B. cereus enzyme with its phospho-
glyceride substrate, leading to lysis. One can
thus speculate on the arrangement and dis-
tribution of these phospholipids in such mem-
branes. In contrast, Sou¢kova and Soucék (181)
found that beta hemolysin could not lyse sheep
erythrocytes if they had first been treated with
Corynebacterium phospholipase D. Their inter-
pretation was that removal of choline from
sphingomyelin by phospholipase D made the
membranes resistant to beta hemolysin. Al-
ternatively, phospholipase D may interfere
with access of beta hemolysin to its substrate.

Bernheimer et al. (12) have studied the effect
of beta hemolysin on erythrocytes by phase-
contrast and electron microscopy. Sheep eryth-
rocytes treated with beta hemolysin and ex-
amined by phase contrast were reduced in size
and exhibited numerous phase-dense particles
which varied in size. Further examination of
this phenomenon by electron microscopy sug-
gested that the particles were in fact mem-
branous vesicles that contained amerphous
material. Bernheimer was uncertain whether
this material might be ceramide. Low et al.
(126) have independently studied the action of
beta hemolysin on human and bovine erythro-
cyte ghosts. Ultrastructural changes in these
membranes, as observed by freeze etching after
treatment with hemolysin, showed that amor-
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ous material was deposited in the hydro-
phobic (inner) area of the bilayers. Low et al.
P k the view that this material might be
. _olubie ceramide and that the sphingomyelin
gubstrate was located in the outer half of the
bilayer- . . . .

These observations again raise the question
of “hot-cold” hemolysis so characteristic of this
agent. Bernheimer (8) has suggested that
hydrolysis of sphingomyelin leaves areas of
lipid deployed as a monolayer stable at 37 C. A
reduction in temperature would lead to “ther-
modynamic instability” of this layer, resulting
in membrane collapse and hemolysis. He felt
that this explanation accounts for “hot-cold”
lysis and the appearance of vesicles on the in-
side of sensitive erythrocyte membranes. It will
be necessary to integrate this view with the
explanation of Meduski and Hochstein (144)
that the “hot-cold” phase results from changes
in choline residues of sphingomyelin.

CONCLUSIONS

The hemolysins of S. aureus have been con-
sidered in terms of their physicochemical
characterization and mode of action. There
has been much progress, but major questions
remain. With regard to chemical and biological
characterization, earlier work with crude or
partially purified preparations must be care-
fully reviewed. However, more recent studies
still indicate disconcerting variation in
properties which is in all likelihood the re-
sult of strain differences. Even though Wood
46 alpha hemolysin has been widely examined,
published data are not uniform. Comparative
studies of hemolysin produced by different
strains are required (see Goode and Baldwin,
73). Other sources of variation are the way
in which the hemolysin is handled as it is
purified and how it is produced. It is cer-
tainly true that reported differences in prop-
erties can be due to artifacts created by the
purification process. A uniform approach to
these problems is needed, particularly in an
organism as notoriously variable as the Staphy-
lococcus.

Specific questions arise in consideration of
the mechanism of action of alpha, gamma,
and delta hemolysins. A popular view has been
that surface activity of alpha and delta he-
molysins accounts for their hemolytic activity,
which is the result of interactions between
hemolysin and phospholipids in the membrane.
An alternative view attributes activity of
these hemolysins to their enzymatic properties.
At the present time it is not clear which view
is correct, but there need not necessarily be
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conflict between these hypotheses. It is quite
possible that a proteinase or phospholipase
can be surface active or that interaction with
phospholipids is the first step in a quite different
sequence of reactions. It is well known that
proteins and lipids display some degree of
association when brought together (23). At
any rate, few attempts have been made to
correlate the erythrocyte “~molytic spectrum
with a particular activity or characteristic
of the hemolysins.

Gamma hemolysin is now well established
as a fourth hemolysin, but its mode of action
is unclear. There has been a heavy reliance
on the 5R strain, and gamma hemolysin iso-
lated from other strains of S. aureus must
be investigated before firm conclusions are
drawn.

A long list of toxic effects and metabolic
interference has been compiled for the staphy-
lococcal hemolysins in relation to their effects
on animals and cultured mammalian cells.
Such studies do not get at the basic problem
of how .the hemolysins interact with their
substrate in sensitive cells, nor do they neces-
sarily contribute to the question of patho-
genicity.

The role of the hemolysins in the patho-
genesis of staphylococcal disease remains im-
perfectly understood. It is nevertheless true
that the hemolysins cannot be identified with
the elusive “virulence factor” discussed by
Abramson (1). Perhaps it is best to take the
view of Lack and Wailling (122) that virulence
in staphylococci is associated not with a single
factor but with a broad spectrum of aggressins.
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